Caspases are cysteine aspartate proteases that are major players in key cellular processes, including apoptosis and inflammation. Specifically, caspase-6 has also been implicated in playing a unique and critical role in neurodegeneration; however, structural similarities between caspase-6 and other caspase active sites have hampered precise targeting of caspase-6. All caspases can exist in a canonical conformation, in which the substrate binds atop a ␤-strand platform in the 130's region. This caspase-6 region can also adopt a helical conformation that has not been seen in any other caspases. Understanding the dynamics and interconversion between the helical and strand conformations in caspase-6 is critical to fully assess its unique function and regulation. Here, hydrogen/deuterium exchange mass spectrometry indicated that caspase-6 is inherently and dramatically more conformationally dynamic than closely related caspase-7. In contrast to caspase-7, which rests constitutively in the strand conformation before and after substrate binding, the hydrogen/ deuterium exchange data in the L2 and 130's regions suggested that before substrate binding, caspase-6 exists in a dynamic equilibrium between the helix and strand conformations. Caspase-6 transitions exclusively to the canonical strand conformation only upon substrate binding. Glu-135, which showed noticeably different calculated pK a values in the helix and strand conformations, appears to play a key role in the interconversion between the helix and strand conformations. Because caspase-6 has roles in several neurodegenerative diseases, exploiting the unique structural features and conformational changes identified here may provide new avenues for regulating specific caspase-6 functions for therapeutic purposes.
Caspases are cysteine proteases that recognize aspartatecontaining substrates and are major players in key cellular processes, including apoptosis and inflammation. Caspase active sites contain a Cys-His dyad required for cleavage of peptide bonds adjacent to aspartate residues in select protein substrates. There are two main classes of caspases, initiator and executioner caspases, classified based on their cellular function and domain organization. Initiator caspases (caspase-2, -8, and -9) function upstream in the apoptotic pathway and activate the downstream executioner caspases (caspase-3, -6, and -7) by proteolytic cleavage at an intersubunit linker between large and small subunits. Executioner caspases then cleave a select group of protein targets to promote apoptosis. Initiator caspases generally exist as monomers and are subsequently activated by dimerization mediated by interaction with a molecular platform (e.g. apoptosome) (1) . In contrast, executioner caspases exist as dimeric inactive zymogens and upon activation by limited proteolysis become functional (2) . Significantly, classification of caspase-6 as an executioner has not been unequivocal. Caspase-6 is weakly apoptotic, although overexpression of caspase-6 in mammalian cells does result in apoptosis (3) . As an executioner, caspase-6 has been identified as the only caspase that cleaves the nuclear lamellar protein, lamin A/C, during apoptosis (4 -6) . Caspase-6 has been shown to cleave caspase-8 (7) and be activated by caspase-3 (8) and caspase-1 (9) , suggesting that caspase-6 assumes simultaneous roles as an executioner, initiator, and inflammatory caspase.
Unlike other executioner caspases, which necessitate processing by initiator caspases for activation (10) , caspase-6 is capable of self-cleavage and activation (11, 12) . Although selfcleavage does not lead to apoptosis, this caspase-6 self-cleavage may account for some nonapoptotic roles of caspase-6, including axonal pruning in development (13) (14) (15) (16) and in adult brains (17) as well as in B cell activation and differentiation (18) . In the context of neurodegeneration, caspase-6 cleaves a compelling set of neuronal substrates, including microtubule-associated protein Tau (19) , amyloid precursor protein (20) , presenilin I and II (20) , polyglutamine-expanded and native huntingtin protein (21) , and Parkinson disease protein 7 (PARK7), also known as protein deglycase DJ-1 (22) . Caspase-6 is considered a promising molecular target for neurodegeneration treatments because cleavage of these neuronal substrates plays key roles in the pathophysiological outcome in Alzheimer's (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) , Huntington's (21, 34 -40) , and Parkinson's diseases (22) . Thus, a full understanding of caspase-6 structure and its relation to function is central to achieving caspase-6-specific regulation in neurodegeneration.
Perhaps the most distinctive feature of caspase-6 is that it is the only caspase that can adopt two very different structural conformations. These two conformations stem from structural changes in the 130's region, which generates the platform upon which substrate binds ( Fig. 1) . Structures of the procaspase-6 zymogen, in which the intersubunit linker occupies and orients the active site loops (12, 41) , and mature caspase-6 bound to a substrate-like inhibitor (12, 42, 43) are similar to other caspases and show the canonical strand conformation. These structures underscore the observation that caspase-6 is fully capable of adopting the canonical caspase active site conformation. The mature unliganded caspase-6 is also capable of adopting a distinctive and noncanonical conformation, with extended helices in the 60's region (residues 57-70) and 130's region (residues 125-142) (44, 45) . These conformational changes are also accompanied by a 21°outward rotation of the 90's helix (Fig. 1 ). This helical conformation of unliganded caspase-6 is not seen in crystal structures of other caspases. In fact, the helical form is disallowed in all other caspases by the presence of helix-breaking residues in this region (45, 46) . In caspase-6, when the 130's region is in the extended helical conformation, the Cys-His catalytic dyad, whose reactive centers must be within 1.8 -3.5 Å of one another to achieve catalysis (47) , are pushed away from each other by 9 Å. In addition, the top of the 130's helix prevents substrate binding. As a consequence, caspase-6 would be catalytically inactive if locked in this conformation. For caspase-6 to accommodate a substrate in the active site, a conformational rearrangement has to occur in the 60's, 90's, and 130's helices and loops 1-4. This transition is thought to occur through a low stability/high energy intermediate strand-containing state in the 130's region (46) .
Unliganded caspase-6 has also been crystallized in the canonical strand conformation with a more properly positioned Cys-His dyad (separated only by 3.6 Å) capable of binding substrate (48) . This structure of the mature unliganded form of caspase-6 is similar to all other caspases. Thus, it is clear that caspase-6 is capable of adopting both helical and strand conformation of the 130's region in the absence of substrate. These structures underscore the remaining question: What is the physiologically relevant structural ensemble for unliganded caspase-6? The goal of this work is to understand the relative populations of the helical and strand conformations of mature caspase-6 before substrate binding.
The crystal structures of caspase-6 are static molecular snapshots. A complementary study to depict temporal dynamic changes is needed to define the conformational ensemble of caspase-6 before substrate binding. Hydrogen/deuterium exchange mass spectrometry (H/DX-MS) 2 is a powerful technique to study protein conformation and dynamics (for a review, see Ref. 49 ) and has been applied to several systems, including protein-ligand complexes (50) , chaperones (51), amyloid fibrils (52), viral proteins (53), antibody-drug conjugates (54) , and even peripheral (55) and transmembrane (56) proteins. H/DX-MS reports the extent of hydrogen bonding and relative solvent exposure of the backbone amide hydrogens and is well suited for extrapolating different protein conformations (57) .
In this study, H/DX-MS, combined with molecular dynamics simulations, was used to probe the distinct conformational dynamics in caspase-6 relative to caspase-7 upon peptide-based substrate binding. Caspase-7 serves as an ideal control, possessing the same overall fold, but maintaining constitutively the strand form before and after substrate binding. Our results show that caspase-6 displays unique backbone dynamics in the 130's region compared with caspase-7, consistent with the helix-strand interconversion upon substrate binding. Moreover, the protonation of Glu-135 in this region was found to be an important contributor to the stability of the helical state of unliganded caspase-6. Exploiting these unique structural features may provide new avenues for regulating specific caspase-6 functions. FIGURE 1. Caspase-6 undergoes helix-strand transition upon substrate binding. The overall fold of canonical caspases before and after substrate binding is represented by the superimposition of the unliganded (orange; PDB code 1K86) and the peptide-based substrate mimic DEVD-bound (green; PDB code 1F1J) structures of caspase-7 (middle). Highlighted regions are the active site cysteine (blue), the dimer interface, and the substrate binding loops 1-4 (L1-L4). Caspase-7, like all other caspases, adopts a canonical strand conformation in its 130's region in both the unliganded state (orange; PDB code 1K86) and the peptide-based substrate mimic DEVD-bound (green; PDB code 1F1J) states (right). In contrast, caspase-6 can adopt a noncanonical extended helical conformation in its 130's region in the unliganded state (orange, PDB code 2WDP) but recovers the canonical strand conformation upon binding to a peptide-based substrate mimic VEID-aldehyde (green; PDB code 3OD5) (left).
Results
Overall H/DX-MS Profiles of Caspase-6 and Caspase-7-To explore the differences in the backbone dynamics and conformational flexibility of caspases, caspase-6 and caspase-7 were profiled using H/DX-MS in two states: mature unliganded and bound to a substrate-like inhibitor. The substrate-bound states were achieved by binding inhibitors built from the tetrapeptide recognition substrates, VEID-aldehyde for caspase-6 and DEVD-aldehyde for caspase-7. The H/D exchange rate of the backbone amide hydrogen with deuterium in the solvent is interpreted as reporting the local fluctuations of the conformational states of proteins (58) . Thus, fast rates of H/D exchange indicate higher solvent accessibility and flexibility of associated protein region, whereas those regions that show slow rates of H/D exchange are characterized as being buried and rigid (57) . Peptide heat maps show the extent of the relative deuterium uptake of the peptic peptides of caspase-6 and caspase-7 in both the unliganded and inhibitor-bound forms after being subjected to between 10 s and 2 h of H/D exchange (Fig. 2) . The corresponding relative deuterium uptake profiles were mapped onto the crystal structures of caspase-6 (PDB code 2WDP) and caspase-7 (PDB code 1K86) (supplemental Fig. S1 ). The percentage difference in the relative deuterium uptake of the unliganded and inhibitor-bound states of caspase-6 and caspase-7 For each peptic peptide of the unliganded and the peptide-based substrate mimic-bound states of caspase-7 (A) and caspase-6 (B), the percentage relative deuterium level for each H/D exchange incubation time (0.17, 1, 10, 60, and 120 min) is mapped onto its corresponding linear sequence. The percentage relative deuterium incorporation is calculated by dividing the observed deuterium uptake by the theoretical maximum deuterium uptake for each peptide. The H/DX-MS experiments followed 64 peptides common to both unliganded and DEVD-bound caspase-7 that covers 93% of the linear sequence. Likewise, H/DX-MS experiments followed 70 peptides common to both unliganded and VEID-bound caspase-6 that covers 91% of the linear sequence. Peptic peptides with no H/D exchange data at any given incubation time are colored white. All caspase-6 and caspase-7 variants used in the H/DX-MS experiments were cleaved, active forms lacking both the prodomain (residues 1-23 in both caspase-6 and caspase-7) and linker (residues 180 -193 in caspase-6; residues 199 -206 in caspase-7). The secondary structural elements are also shown above the caspase-6 and caspase-7 sequences. The percentage relative deuterium level of each peptic peptide represents the average values of duplicate experiments performed on two separate days.
were also mapped onto the linear amino acid sequences (supplemental Fig. S2 ) and onto the corresponding crystal structures (supplemental Fig. S3 ). All deuterium uptake plots for both unliganded and bound states of caspase-7 and caspase-6 were also prepared (supplemental Figs. S4 and S5). Overall, peptides covering 91 and 93% of the linear sequences of caspase-6 and caspase-7, respectively, were observed (supplemental Fig. S6 ). Approximately 70% of the backbone amide hydrogens in both caspase-6 and caspase-7 underwent less than 30% H/D exchange within 10 s, suggesting well folded and dynamically stable proteins overall. In contrast, the other 30% of the backbone amide hydrogens were rapidly deuterated. These rapidly deuterated regions are predominantly observed in the highly flexible regions, including the loop bundles (L2, L2Ј, L3, and L4), which form the substrate-binding groove of caspases ( Fig. 1 ). The reproducibility of the H/DX-MS experi- . Caspase-6 shows distinctive conformational dynamics in its 130's region. Shown is the difference in deuterium uptake (Da) of the corresponding peptic peptides in the unliganded and the peptide-based substrate mimic-bound states of caspase-7 (A) and caspase-6 (B) at the indicated time points of exposure to deuterium in solution. The residue numbers for each peptic peptide are listed with corresponding secondary structural elements. For these data, a deuterium uptake difference of Ͼ0.6 Da is considered significant at a 98% confidence interval. The intensity of the blue color represents the peptides that undergo a significant decrease in H/D exchange (less solvent-exposed, less flexible) upon peptide-based substrate mimic binding. The intensity of the red color represents the peptides that undergo significant increase in H/D exchange (more solvent-exposed, more flexible) upon peptide-based substrate mimic binding. C, representative deuterium incorporation plots for peptic peptides covering the 60's, 90's, and 130's regions of caspase-7 (top) and caspase-6 (bottom) in both unliganded (black lines) and peptide-based substrate mimic-bound (blue lines) states. The representative MS spectra of the highlighted peptic peptides are shown in supplemental Fig. S7 . Error bars, S.D. of duplicate H/DX-MS measurements done on two separate days. The residue numbering is listed for the homologous regions in caspase-7 and caspase-6, which have different numbering for the structurally homologous regions due to differences in the lengths of their respective subunits. D, difference in deuterium uptake between the unliganded and the DEVD-bound states of caspase-7 after 2-h incubation mapped onto the structure of caspase-7 (PDB code 1K86) shown in both ribbon and surface representations. E, difference in deuterium uptake between the unliganded and the VEID-bound states of caspase-6 after 2-h incubation mapped onto the structure of caspase-6 (PDB code 2WDP) shown in both ribbon and surface representations.
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ment was extremely high across the majority of the sequence, and even small differences in the susceptibility to H/D exchange between the unliganded and liganded states of caspases could be accurately quantified, facilitating identification of regions in which H/D exchange was altered in the presence of a peptide-based substrate mimic (supplemental Figs. S4 and S5).
Caspase-7 Adopts the Canonical Strand Conformation before and after Substrate Binding-Caspase-7 serves as an ideal control for observing conformational changes and dynamics in a canonical caspase before and after binding of a substrate-like inhibitor. All crystal structures of caspase-7 to date show the canonical (130's strand) structure before and after binding of a substrate-like peptide-based inhibitor, DEVD ( Fig. 1 ). During H/DX-MS on caspase-7, only slight changes in the overall H/D exchange occurred upon binding of the substrate-like inhibitor (DEVD) ( Fig. 2A ). The percentage of relative deuterium incorporation is calculated by dividing the observed deuterium uptake by the theoretical maximum deuterium uptake for each peptide. As expected, the most significant differences in the deuterium uptake in the unliganded versus the DEVD-bound states mapped onto peptides from within the active site loop 2 (L2, peptides 181-191 and 182-192). There were no significant changes in the deuterium uptake between the unliganded and the DEVD-bound states in the 60's and 90's helices of caspase-7, which were covered by peptides 85-97 and 117-136, respectively ( Fig. 3 , A, C, and D). The 130's is the region that undergoes a helix-strand interconversion in caspase-6. The 130's region comprises residues 125-142 for caspase-6 and 148 -165 for caspase-7. In caspase-7, the corresponding 130's region was covered by five peptides: 148 -161, 148 -166, 150 -166, 151-166, and 152-166. In particular, peptide 150 -166 within the 130's region of caspase-7 ( Fig. 3 , A and C, and supplemental Fig.  S7A ) showed changes in deuterium incorporation that are observable from the earliest time point and persisted throughout the deuterium labeling time with almost the same difference between the unliganded and the DEVD-bound states. The shape of this deuterium incorporation curve indicates (59) that one rapidly exchanging amide hydrogen at Ile-150 and one at another residue between 152 and 166 are deuterated before the earliest time point of the H/D exchange experiment ( Fig. 3C ). Nevertheless, these data showed only a very slight difference (2-6%) in the deuterium uptake in the unliganded versus the DEVD-bound state (supplemental Fig. S2A ), suggesting that the 130's region of caspase-7 is partially protected and moderately dynamic but that binding of DEVD does not impact the overall structure. The minor changes in conformational dynamics in the 60's and 130's regions with virtually no changes in the 90's helix of caspase-7 in the unliganded versus the DEVD-bound states are consistent with the reported invari-antly canonical strand structures of caspase-7 (10, 60) ( Fig. 1 ). Importantly, this demonstrates that the magnitude of change in the theoretical maximum deuterium uptake expected to occur directly from substrate-like inhibitor binding to a caspase active site should be in the range of 2-6%, if not accompanied by changes in protein conformational states or their dynamics.
Caspase-6 Shows Different H/D Exchange Dynamics in the 130's Region Compared with Caspase-7-In terms of conformational flexibility, caspase-6 might be expected to differ from all other caspases. Caspase-6 has been observed to exist in both the canonical (strand) or helical conformations in the 130's region ( Fig. 1 ), suggesting that interchange between two conformations could be involved in its function. We anticipated that H/DX-MS would allow identification of regions of caspase-6 that undergo significant conformational interchange, particularly in the native state, and are therefore more highly susceptible to H/D exchange. H/DX-MS on caspase-6 in the unliganded state or bound to an inhibitor built from the cognate caspase-6 tetrapeptide substrate (VEID-aldehyde) revealed dramatic changes in the deuterium uptake levels in several regions of the protein (Fig. 3 , B and E). H/D exchange in the substrate-binding loops (L2, L2Ј, L3, and L4), which are engaged in accommodating the tetrapeptide in the active site, significantly decreased by 12-30% upon VEID binding ( Fig. 3B and supplemental Fig. S2B ). In particular, the L2Ј region of caspase-6 is the most exchangeable region of the protein before VEID binding but becomes much less susceptible to exchange after binding. This is in contrast to caspase-7. In the canonical conformation of both caspase-6 and -7, L2Ј is engaged in interactions with L2. In caspase-7, L2Ј does not show nearly the magnitude in changes in H/D exchange that L2Ј shows in caspase-6. In the helical form of caspase-6, L2Ј is not engaged in any stabilizing interactions (supplemental Fig. S7B ). Thus, H/D exchange is consistent with the model of L2Ј being exposed in caspase-6 before VEID binding, as is observed in the helical conformation.
In addition to significant changes in L2Ј, H/D exchange in the 130's region (peptide 119 -130) significantly decreased by 12-16% upon VEID binding ( Fig. 3 (B and C) and supplemental Fig. S2B ), which suggests that this region also becomes substantially more ordered when substrate binds. The deuterium uptake profile of caspase-6 peptide 119 -130 ( Fig. 3C) showed that in the absence of VEID binding, there is significant protection at earlier H/D exchange time points, but it takes up deuterium over the course of the H/D exchange incubation time. The shape of this deuterium uptake curve indicates (59) that this region of unliganded caspase-6 visits the H/D exchange-competent state much more frequently than after VEID binding. This suggests that upon substrate binding, this region becomes less dynamic. VEID-or DEVD-bound caspase-6 (12, 61) is in the same canonical conformation as DEVD-bound caspase-7 (60) . The dispersed and significant differences in H/D exchange that are observed for caspase-6 ( Fig. 3, B and E, and supplemental Fig. S2B ) indicate that there are conformational differences that cannot be explained just by the protection from substrate binding changes. If unliganded caspase-6 rested in the canonical strand conformation, we would expect to see changes in the H/D exchange for unliganded versus peptide-based substrate . E135Q has kinetics and pH profile similar to those of WT caspase-6. A, the Michaelis-Menten kinetic parameters of caspase-6 WT and the "constantly protonated" variant, E135Q. The values are reported as mean Ϯ S.E. of three independent trials performed on three separate days. B, the activity of caspase-6 WT (black line) and E135Q (blue line) variants as a function of pH. For normalization, the highest and the lowest relative fluorescence response for each data set was set to 100 and 0%, respectively, and reported as fractions. Error bars, S.D. of duplicate measurements on two separate days. All caspase-6 activity assays used fluorescence-based measurements following cleavage of a peptide-based substrate mimic, VEID-AMC, by caspase-6.
VEID-bound states of caspase-6 revealed an altered set of interactions among key residues in this region (Fig. 4A) . In particular, residues His-52, Glu-63, Glu-135, and Glu-221 have distinct molecular contacts in the unliganded (helical) compared with the VEID-bound (strand) conformations. For example, His-52 makes hydrogen-bonding contacts with Asp-90, Tyr-128, and Glu-135 in the helical state but loses these contacts upon its transition to strand state upon substrate binding. The change in the microenvironment of these residues is reflected in the changes in their calculated microenvironment pK a values between the helical and strand conformations (Fig. 4B) . The difference in the pK a values ranges from 0.9 to 6.6 pH units and generally transitions from a basic to a more acidic microenvironment following helix-strand interconversion. In fact, the helical structures of caspase-6 were all trapped during low pH crystallization (44, 45) , whereas the strand conformation of unliganded caspase-6 was trapped during neutral pH crystallization (48) . The H/D exchange reported here was performed at neutral pH but strongly suggests that caspase-6 is constantly undergoing an interconversion between the helical and strand states even at neutral pH. On the basis of the local pK a changes between the two-state conformations of caspase-6, we proposed that the protonation of key residues within the 130's region would impact the dynamics of this region.
Protonation State of Glu-135 Is Key to Conformational Changes in the Caspase-6 130's Region-We performed 1.2-nslong simulated annealing-based molecular dynamics simulations on the unliganded (PDB code 2WDP) and VEID-bound (PBD code 3OD5) caspase-6 to determine the key factors that contribute to the helix-strand transition. In these studies, protonation states of His-52, Glu-135, and Glu-221 were varied from fully protonated (optimal for the unliganded structure) to fully deprotonated (optimal for the VEID-bound structure). A simulation plot of the annealing studies ( Fig. 4C) shows pronounced difference in the root mean square fluctuation (RMSF) profile between the control ensembles of the triply protonated and triply deprotonated states, particularly in the amino acid residues within the 130's region (inset). Altering the protonation states of His-52 and Glu-221 did not result in significant changes in the RMSF profile compared with the control ensembles of caspase-6. Significantly, the protonation state of a single residue, Glu-135, appeared to control the conformational dynamics of the 130's region, with Glu-135 and protonated Glu (GluH)-135 reproducing to a large extent the RMSF profiles of triply deprotonated and triply protonated states, respectively. This observation suggests that the protonation state of Glu-135 is critical to the transition between the unliganded helical and the canonical strand conformations of caspase-6. Mapping the displacement observed during the molecular dynamics simulations onto the structure of caspase-6 underscores the propensity of the 130's helix to undergo a structural transition (Fig.  4D ). This transition could be significantly facilitated by the deprotonation of a single residue, Glu-135, in the helical state. On the other hand, when caspase-6 in the canonical strand conformation with deprotonated Glu-135 transitions to the helical state, the dramatic change in the microenvironment should strongly favor protonation, which would be easier to achieve at a lower pH. Once protonated, the helical conformation is stabilized. Thus, the protonation state of Glu-135 is probably one of the major contributing factors in stabilizing the helical form of caspase-6.
E135Q, a Mimic of Protonated Glu-135, Stabilizes Caspase-6 -Because protonation of Glu-135 appears to be a critical factor for stabilizing the helical state of caspase-6, we generated a variant, E135Q, which maintains the size of Glu but mimics the protonated (GluH) state. The kinetic parameters of E135Q are similar to wild type (WT), suggesting that the E135Q substitution does not negatively impact caspase-6 in processing of a peptide-based substrate, N-acetyl-Val-Glu-Ile-Asp-(7-amino-4-methyl-coumarin) (VEID-AMC) (Fig. 5A ). We expected that FIGURE 6. The stabilizing effect of constantly protonated E135Q variant is more pronounced at higher pH. A, the CD spectra of caspase-6 WT (black line) and the E135Q variant (blue line) measured at different pH levels. B, CD thermal denaturation profiles of caspase-6 WT (black dotted line) and E135Q (blue dotted line) at the indicated pH levels. Normalization of the CD signal was achieved by setting the highest and the lowest values for each data set as 100 and 0%, respectively. The thermal denaturation data were then fitted to the Boltzmann sigmoidal equation (black solid line in WT and blue solid line in E135Q), where the midpoint of the curve was determined to be the apparent T m . C, the expected percentage protonation of Glu-135 at different pH was determined based on the calculated pK a values in Fig. 4B following the Henderson-Hasselbalch equation. D, interactions between Glu-135 and adjacent residues that impact the helix-strand interconversion. E, the individual apparent T m values and the differences in the apparent T m values of caspase-6 WT and E135Q at different pH are tabulated. The apparent T m values are reported as mean Ϯ S.D. of duplicate measurements on two independently prepared samples performed on two different days. MARCH 24, 2017 • VOLUME 292 • NUMBER 12 JOURNAL OF BIOLOGICAL CHEMISTRY 4891 the E135Q mutation would have a more significant impact on basal caspase-6 function, if there were a large energy barrier to the interconversion between the helical and strand states. The activity profile of E135Q as a function of pH is also similar to that of WT caspase-6, suggesting that increasing the helical fraction does not prevent conversion to the strand form in the presence of substrate ( Fig. 5B ), suggesting a low energy barrier between the two conformational states in the presence of substrate. WT and E135Q did not show significant differences in their CD spectra, suggesting that the secondary structures are similar in the unliganded conformation (Fig. 6A) . In contrast, E135Q showed a pH-dependent thermal denaturation profile distinct from that of WT caspase-6 ( Fig. 6, B and E) , consistent with the calculated fraction of Glu-135 protonated in the helical state ( Fig. 4C ). E135Q is more stable than WT caspase-6, particularly at pH 7.5 and 8.5 (Fig. 6E ). Although this is a small stabilization, it is of the same magnitude as the stability increase when WT caspase-6 binds an active site ligand (45) , suggesting that stabilization is relevant. At a lower pH, helical WT caspase-6 should be predominantly protonated at the Glu-135 position (Fig. 6C) , and hydrogen-bonding interactions with neighboring residues Arg-54 and Glu-131 will be favored ( Fig.  6D) . Meanwhile, at a higher pH, deprotonation of Glu-135 is expected to occur, and a stronger negative charge of the side chain carboxylate group of Glu-135 will be enhanced, leading to electrostatic interactions as the dominant interaction with neighboring Arg-54 and His-52 in the vicinity. In addition, just 3.8 Å above Glu-135 sits the negatively charged Glu-131 residue, which will probably also be deprotonated at a higher pH, promoting electrostatic repulsion that should destabilize the helical structure in the 130's region. Conversely, the GluH-135mimicking E135Q will probably engage in hydrogen bonding with neighboring residues Arg-54 and Glu-131 and avoid the helix-destabilizing electrostatic repulsion. At a more basic pH, the stabilizing effect of E135Q is more pronounced due to the deprotonation of Glu-135 in the helical state and the sustained hydrogen-bonding interaction with Arg-54 and Glu-131 that results in higher stability of the E135Q compared with caspase-6 WT. In summary, using E135Q as a surrogate for GluH-135 suggests that protonation of this residue leads to overall stabilization of caspase-6. This further suggests that a significant fraction of caspase-6 exists in the helical state, because deprotonation, which should favor conversion to the strand conformation, leads to a destabilization relative to the E135Q variant.

Discussion
This study reveals that caspase-6 has local backbone dynamics in L2Ј and in the 130's region consistent with the helixstrand interconversion. These data showing a helix-strand interconversion are in contrast to previous work on unliganded caspase-6 determined at the physiological pH 7.4, which showed a canonical strand structure in the 130's region of unliganded caspase-6. The authors concluded that the earlier two helical structures of unliganded caspase-6 assumed a pH-inactivated form as it was crystallized at pH 4.5 (48) . If that was true, and in solution caspase-6 existed exclusively in the canonical strand conformation, the H/D exchange for caspase-6 should mirror that of caspase-7. The fact that the H/D exchange for caspase-6 with and without a substrate mimic is so strikingly different from that of caspase-7 with and without a substrate mimic strongly supports the helix-strand interconversion model as governing caspase-6 structure and dynamics before substrate binding.
All caspases have mobile loops critical for substrate binding and catalysis. Caspase-6 is different because it has additional mobile regions. Two distinct conformational states have been identified in the 130's region by crystallography, and H/DX-MS has identified a unique interconversion probably between those two states. Although caspase-6 is the only caspase known to adopt the helical conformation and can interconvert to the canonical form upon substrate binding, this type of secondary structural shift is not confined to caspases but has also been observed in other protein systems. Helix-strand interconversion is exploited in nature to allow GTP hydrolysis by EF-Tu (62, 63) , susceptibility to conformational diseases (64) , and membrane association (65) (66) (67) . For example, the influenza A M2 protein, a proton channel that facilitates viral assembly and budding, is found to interconvert between ␣-helical and ␤-sheet conformations dependent on the membrane composition (65) . The binding of M2 protein to 1,2-dimyristoyl-snglycero-3-phosphocholine promotes the ␤-sheet conformation, whereas its binding to cholesterol-rich membrane enriched the ␣-helical conformation. Thus, the biological role of the secondary structure switch in caspase-6 is intriguing. One could imagine such a change in structure to play roles in other as yet unidentified functions, such as substrate recognition and specificity, cellular signaling and transport, or even binding of natural regulators in the cell.
Our work suggests that the helix-strand interconversion is dependent on the microenvironment pK a values of a specific residue in the 130's region and, correspondingly, on the pH. Protonation-conformation coupling is important for the function of several protein systems, including the nitric oxide carrier heme protein, Nitrophorin 4 (68), ␤-lactoglobulin (69), and the Escherichia coli multidrug efflux transporter AcrB (70) . Specific titratable amino acids in a region influence the conformation and function of the protein. These amino acids are expected to have different protonation states in the helical and strand conformations resulting from two sets of distinct pK a values. In caspase-6, Glu-135 within the 130's region displays two distinct microenvironment pK a values, which are 4.4 pH units apart between the helical and the strand conformations. In our simulations, the change in the protonation state of the Glu-135 impacts the relative stability of the helical state of caspase-6. The relevance of this finding may be explained in the context of the pH of the environment that caspase-6 experiences. The pH may dictate the preference of one conformation of caspase-6 over the other (i.e. helical or strand). It has been suggested that pH fluctuation happens in the cellular context, where oxidative stress results in cytosolic acidification that can ultimately lead to neurodegeneration (for a review, see Ref. 71 ). Oxidative stress, a trigger for apoptosis, induced by the addition of hydrogen peroxide in HEK 293/Tau cells, increases active caspase-6 and caspase-3 activity (72). An increase in caspase-6 activity has also been documented in global brain ischemia (73) 
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and acute ischemic stroke (74) , where slight intracellular acidification has been observed to acidify slightly to pH 6.43 (75) . Although the precise role of the two-state conformations of caspase-6 is still not known, pH changes in the context of neurodegeneration could conformationally enrich caspase-6 in either helical or strand conformations. The pH-induced conformational change may explain the propensity of caspase-6 to recognize different substrates during various cellular processes, including apoptosis and neurodegeneration. Future studies on determining the substrate preference of caspase-6 in the context of varying intracellular pH condition may shed light on the importance of the unique two-state conformation of the protein.
In addition to having strikingly different secondary structures, the helical and the strand states of caspase-6 have different electrostatic surface potentials (supplemental Fig. S8 ). Interestingly, the caspase-6 helical conformation exposes an aromatic-rich hydrophobic patch at the top of the 130's helix ( Fig. 7) . Hydrophobic patches are often involved in substrate recognition (76) . The differences in electrostatics and hydrophobic exposure might be expected to influence substrate recognition and function. Critical inspection of the helical and the strand structures of caspase-6 revealed that the top of the 130's helix as well as the surrounding residues within loop 1 are flocked with an exposed hydrophobic patch that contains Phe-55, Phe-56, Trp-57, and Tyr-128. One might imagine that this cluster of aromatic residues could potentially function as an exosite for initial substrate recruitment by helical caspase-6. Accommodation of the substrate near the active site might then facilitate transition of helical caspase-6 to the substrate binding-competent strand state for efficient catalysis. Upon the eventual release of the substrate, caspase-6 may then return to continuous helix-strand interconversion. This potential role of the hydrophobic patch on caspase-6 is at present unexplored and untapped. Future studies dissecting potential exosites for cellular and neuronal substrates of caspase-6 (e.g. Tau and huntingtin proteins) could shed light on protein-protein interac-tions that might fruitfully be exploited for novel therapeutics in the future.
Caspase-6 has been predicted to be the only caspase capable of undergoing a helix-strand interconversion (45, 46) ; however, this assertion has been debated (48) . Our H/D exchange data convincingly confirm that the structural dynamics of caspase-6 are fundamentally different from that of other caspases, which are always in the canonical strand conformation. These data further support strongly a model where unliganded caspase-6 interconverts between the helical and strand conformations. Studies on caspase-6 structure and dynamics are particularly relevant because caspase-6 is implicated in several neurodegenerative disorders, including Alzheimer's and Huntington's diseases. Thus, if trapping the helical conformation is indeed inactivating, then stabilizing the helical conformation may be a promising mode of achieving caspase-6-specific inhibition. On the other hand, cleavage of the neuronal substrate DJ-1 (22) appears to be protective against neurodegeneration in Parkinson's disease. If the exposed hydrophobic patch does serve as a substrate-recruiting exosite (Fig. 7) , promoting the caspase-6 helical conformation might increase interaction with substrates like DJ-1, for which cleavage is neuroprotective.
Experimental Procedures
Generation of Caspase Variants-The WT caspase-6 used in this study was a constitutive two-chain form of caspase-6 derived from the synthetic, E. coli codon-optimized (His) 6 C-terminally tagged caspase-6 gene (Celtek Bioscience) that was ligated into the NdeI/BamHI sites of pET11a vector (45) . The wild-type caspase-7 used was a constitutively two-chain corrected version in pET23b that is designed to independently express the large and small subunits of caspase-7 with a His 6 tag at the C terminus (77) . In both caspase-6 and caspase-7, the protein constructs were designed to exclude the prodomain (residues 1-23 in both caspase-6 and caspase-7) and linker (residues 180 -193 in caspase-6; residues 199 -206 in caspase-7). Phusion site-directed mutagenesis (Thermo Scientific) was used to introduce the E135Q mutation in the caspase-6 constitutive two-chain construct.
Caspase Protein Expression and Purification-The caspase-6 and caspase-7 constructs were transformed into the BL21(DE3) T7 express strain of E. coli (New England Biolabs). Overnight seed cultures were initially grown in 2ϫ YT media supplemented with 0.1 mg/ml ampicillin (Sigma) at 37°C. Dense cultures were then diluted 1,000-fold with 2ϫ YT containing 0.1 mg/ml ampicillin and shaken at 37°C until A 600 reached 0.6. Protein expression was induced by the addition of 1 mM isopropyl 1-thio-␤-D-galactopyranoside at 20°C for 18 h. Cells were centrifuged at 4,700 ϫ g for 10 min at 4°C and stored at Ϫ20°C until use. Freeze-thawed cells were lysed using a microfluidizer (Microfuidics, Inc.) in lysis buffer (50 mM Tris, pH 8.5, 300 mM NaCl, 5% glycerol, 50 mM imidazole) and centrifuged at 30,600 ϫ g for 1 h at 4°C. The supernatant was loaded into a 5-ml HiTrap nickel affinity column (GE Healthcare) and washed with lysis buffer until the absorbance returned to baseline. The protein was eluted with elution buffer (50 mM Tris, pH 8.5, 300 mM NaCl, 5% glycerol, 250 mM imidazole) and diluted 5-fold with buffer A (20 mM Tris, pH 8.5, 2 mM DTT) to reduce MARCH 24, 2017 • VOLUME 292 • NUMBER 12 the salt concentration. This protein sample was then loaded into a 5-ml HiTrap Q HP column (GE Healthcare). The column was developed with a linear NaCl gradient, and the protein was eluted in 20 mM Tris, pH 8.5, 200 mM NaCl, 2 mM DTT. This eluted protein was stored at Ϫ80°C until use. The purified caspases were analyzed by SDS-PAGE to confirm identity and purity.
Caspase-6 Helix-Strand Interconversion
Caspase Activity Assays-To measure caspase activity, 100 nM purified caspase was assayed over 7 min at 37°C in caspase-6 activity assay buffer (100 mM HEPES, 120 mM NaCl, 0.1% CHAPS, 10% sucrose, 5 mM DTT) or in caspase-7 activity assay buffer (100 mM HEPES, pH 7.5, 5 mM CaCl 2 , 10% PEG 400, 0.1% CHAPS, 5 mM DTT). For substrate titration, a range of 0 -500 M fluorogenic substrate VEID-AMC (Enzo Life Sciences Inc.) was used for caspase-6, and a range of 0 -200 M fluorogenic substrate N-acetyl-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin (DEVD-AMC; Enzo Life Sciences Inc.) was used for caspase-7. Fluorescence kinetic measurements ( ex / em , 365 nm/495 nm) were performed in three independent trials on three different days in 100-l reactions in a 96-well format using a microplate reader (SpectraMax M5, Molecular Devices). Initial velocities versus substrate concentration were fit to a rectangular hyperbola using GraphPad Prism (GraphPad Software, La Jolla, CA) to determine the kinetic parameters K m and k cat . Enzyme concentrations were determined by active site titration with the quantitative covalent inhibitor N-acetyl-Val-Glu-Ile-Asp-aldehyde (VEID-CHO; Enzo Life Sciences Inc.) for caspase-6 or N-acetyl-Asp-Glu-Val-Asp-aldehyde (DEVD-CHO; Enzo Life Sciences Inc.) for caspase-7. Protein was added to inhibitor solvated in DMSO in 96-well V-bottom plates at room temperature for 1.5 h in caspase activity assay buffer. Aliquots (90 l) were transferred in duplicate to black well plates and assayed with a 50-fold molar excess of substrate. The protein concentration was determined to be the lowest concentration at which full inhibition was observed and was thus used to calculate k cat .
Hydrogen fers. Quenched samples were introduced into a 5-m BEH 2.1 ϫ 30-mm Enzymate TM immobilized pepsin column (Waters Corp., Milford, MA) at 100 l/min in 0.1% formic acid at 10°C and then incubated for 4.5 min to allow on-column digestion. Peptide fragments were collected at 0°C on a C18 VanGuard trap column (1.7 m ϫ 30 mm) (Waters) for desalting with 0.1% formic acid in H 2 O and were then separated using a 1.8-m HSS T3 C18 2.1 ϫ 30-mm nanoACQUITY UPLC column (Waters) for a 10-min gradient from 0.1% formic acid to acetonitrile (7 min, 5-35%; 1 min, 35-85%; 2-min hold, 85% acetonitrile) at 40 l/min at 0°C. Fragments were subsequently mass-analyzed using a Synapt G2Si ESI-Q-ToF mass spectrometer (Waters). Between sample injections, a wash step was performed to minimize peptide carry-over. Accurate mass and collision-induced dissociation in data-independent acquisition mode (MS E ) (79) and ProteinLynx Global Server (PLGS) version 3.0 software (Waters) were used to determine the peptic peptides in the undeuterated protein samples analyzed on the same UPLC-ESI-Q-ToF system used for H/DX-MS experiments. Peptic peptides generated from PLGS were imported into DynamX version 3.0 (Waters) with peptide quality thresholds of MS 1 signal intensity Ն5,000, maximum sequence length of 25 amino acids, maximum mass error of 1 ppm, and minimum products per amino acid of Ն0.3. Automated results were manually inspected to ensure that the corresponding m/z and isotopic distributions at various charge states were properly assigned to the appropriate peptic peptide. DynamX 3.0 was then used to generate the relative deuterium incorporation plot and H/DX heat map for each peptic peptide. The relative deuterium incorporation of each peptide was determined by subtracting the weight-averaged centroid mass of the isotopic distribution of undeuterated control sample from that of the weight-averaged centroid mass of the isotopic distribution of deuterium-labeled samples at each labeling time point. All comparisons were performed under identical experimental conditions, thus negating the need for back exchange correction in the determination of the deuterium incorporation. Thus, H/D exchange levels are reported as relative (57) . The fractional relative deuterium uptake was calculated by dividing the relative deuterium uptake of each peptic peptide by its theoretical maximum uptake. All H/DX-MS experiments were performed in duplicate on two separate days, and a 98% confidence limit for the uncertainty of the mean relative deuterium uptake of Ϯ0.6 Da was calculated as described (80) . Differences in deuterium uptake between two states that exceed 0.6 Da were considered significant.
Circular Dichroism Spectroscopy-Thermal stability of caspase-6 variants at various pH levels was monitored by loss of circular dichroism signal at 222 nm over a range of 20 -90°C. CD spectra (250 to 190 nm) were measured on a J-1500 CD spectrometer (Jasco) with Peltier temperature controller. Appropriate buffers for effective buffering capacity at various pH levels (20 mM MES, pH 6.2, 120 mM NaCl; 20 mM phosphate buffer, pH 7.5, 120 mM NaCl; or 20 mM Tris, pH 8.5, 120 mM NaCl) were used. Sample proteins were buffer-exchanged three times into each appropriate buffer using an Amicon Ultra 0.5-ml centrifugal filter (molecular weight cut-off 10,000) (Millipore), and the protein concentration (5 M) was determined
by absorbance at 280 nm (Nanodrop 2000C spectrophotometer). All data were collected at least in duplicate on different days. The melting curves were plotted using GraphPad Prism (GraphPad software) and fitted to a Boltzmann sigmoidal plot to determine the melting temperature, T m .
Caspase Activity Versus pH-The activity of caspase-6 variants were assessed as a function of pH using 20 nM protein and 60 M VEID-AMC as a substrate in appropriate buffer at various pH levels (pH 4.5-9.0). The common components for all buffer at different pH levels contained 120 mM NaCl, 0.1% CHAPS, 10% sucrose, 5% glycerol, and 5 mM DTT. The following buffers were used at 100 mM concentration with its corresponding pH range: acetate (pH 4.5-5.0), MES (pH 5.5-6.5), HEPES (pH 7.0 -7.5), and Tris base (pH 8.0 -9.0). Fluorescence kinetic measurements ( ex / em , 365 nm/495 nm) were performed in duplicate in 100-l reactions in a 96-well format using a SpectraMax M5 microplate reader (Molecular Devices).
In Silico Model Preparation-The initial model for the mature dimeric human caspase-6 was generated by producing an all-atom structure of the truncated enzyme by using the coordinates of C (residues 31-165 and 201-293) and D (residues 31-165 and 199 -293) chains in the ligand-free structure (PDB code 2WDP) and Maestro's Protein Preparation Wizard (Schrödinger, LLC, New York). Next, the C terminus of the cleaved intersubunit linker in each protomer was rebuilt by (i) grafting residues 166 -175 from the procaspase-6 structure (PDB code 4N5D, chain A) using the Prime's Protein Splicing tool (version 3.8, Schrödinger, LLC) and (ii) attaching the pentapeptide terminus (residues 175-179) in its extended conformation to the resulting chimeric structures. The N-terminal residues of the linker (residues 194 -201), missing in the 2WDP chains, were reconstructed using the coordinates from a Zn(II)bound caspase-6 structure (PDB code 4FXO). The resulting chimeric dimer was subjected to a protonation state assignment algorithm (Epik, Schrödinger, LLC) and restrained minimization (force field, OPLS3) sequence within Maestro's Protein Preparation Wizard. The model was further refined via a simulated annealing sequence within Desmond (version 4.0, D.E. Shaw Research and Schrödinger, LLC). Thus, an NVT ensemble was built with a neutralized (by 8 Cl Ϫ ions) system and further Na ϩ and ClϪ ions to simulate 150 mM concentration in an explicit SPC solvent model (16,783 water molecules), using an orthorhombic simulation box (10 Å buffer) with periodic boundary conditions. The ensemble was then subjected to the following seven-stage schedule: (i) incubation at 10 K for 30 ps; (ii) heating to 100 K for 70 ps; (iii) heating to 300 K for 100 ps; (iv) heating to 400 K for 100 ps; (v) incubation at 400K for 200 ps; (vi) cool down to 300 K for 500 ps; (vii) incubation at 300 K for 200 ps. The structure from the final frame of the 1.2-ns simulation was reminimized (Prime, OPLS3) and selected as the starting point for all subsequent simulations.
Simulated Annealing Studies of Protonation Variants-Protonation states of the residues in the two forms of caspase-6 were obtained using the Epik algorithm (Schrödinger, LLC) and the all-atom models derived from unliganded (PDB code 2WDP) and VEID-bound (PDB code 3OD5) forms. Using the refined model obtained above, several protonation state variants at Glu and His residues were produced: (i) "2WDP-like" or the triply protonated helical caspase-6 variant (HisH-52, GluH-135, and GluH-221); (ii) "3OD5-like" or the triply deprotonated strand caspase-6 variant (His-52, Glu-135, and Glu-221); (iii) "His-52" (His-52, GluH-135, and GluH-221); (iv) "Glu-135" (HisH-52, Glu-135, and GluH-221); and (v) "Glu-221" (HisH-52, GluH-135, and Glu-221). The resulting models were neutralized with the corresponding number of Cl Ϫ ions and treated as described above to produce starting NVT ensembles for simulated annealing experiments. The 1.2-ns-long seven-stage schedule was reapplied on the protonation variants, and the RMSF analysis was performed using the Simulation Event Analysis tool within Desmond. 
